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ABSTRACT 
To increase the use of fly ash (FA) as a pozzolanic material in concrete, a composite was 
formed with an interaction of FA with β-cyclodextrin (β-CD). Further research was carried 
out in this article to study the effects of replacing cement with FA (30% and 50% by mass), 
β-CD (0.025%, 0.05% and 0.1%) and FA-β-CD composite on the workability and strength of 
concrete. Workability was assessed by means of the slump test and strengths were assessed 
using the compressive and split tensile strength tests. Higher combined contents of FA and β-
CD resulted in increased workability of concrete of up to approximately 550 %. Furthermore, 
the inclusion of β-CD generally increased both the compressive and tensile strengths of the 
concretes not containing FA by up to 10 %. When combined with FA, the β-CD resulted in 
increased compressive strengths of up to 63 % and tensile strengths of up to 28 %, compared 
to the relevant pozzolanic concretes which did not include β-CD. The study contributed to the 
knowledge of FA performance using cyclodextrin and promoted the continued inclusion of 
FA in concrete, which in turn should reduce the environmental pollution resulting from FA. 
Keywords: Composite, Compressive strength, Cyclodextrin, Fly ash, Split tensile strength, 
Workability.  
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1.0 INTRODUCTION 
Fly ash (FA) is an industrial waste product, primarily discharged from coal based power 
plants found abundantly in South Africa and  has been of research interest over a period of 
time. ESKOM (the South African national power utility) reported [1] that over 90% FA 
produced in South Africa annually was not reused, which therefore contributed to 
environmental pollution. Hence, there is a need to investigate increased ways of utilizing FA 
in the construction sector and elsewhere. 
The strength of concrete indicates the concrete’s ability to resist stress and therefore it is an 
important parameter for concrete design. Strength of concrete defines the overall view of 
concrete quality and it is regarded as the foremost property of concrete. The transition from 
fresh concrete to hardened concrete involves three stages: The dormant stage, where the 
concrete remains plastic and workable. The setting stage, where the concrete becomes stiff 
and unworkable and the hardening stage, where the concrete is a rigid solid, which gains 
strength with time. Figure 1, by Mehta and Monteiro [2], shows the relationship between 
concrete rigidity and time. This graph depicts the three stages involve in setting and 
hardening of concrete. According to Mehta and Monteiro [3], during the hydration reaction, 
the compounds first ionize and form hydrates in solution, which solidifies as hydration 
progresses. The stiffening, setting, and hardening of cement pastes are derived from the 
progressive hardening of the hydration products. Workability, which gives an indication of 
concrete consistency, also affects the stiffening, setting, and hardening of cement pastes. 
 
 
 
 
 
3 
 
 
Figure 1: Setting and hardening of concrete with time [2] 
 
One of the disadvantages of concrete containing FA is the reduction of early strength of 
concrete. Since stiffening, setting, and hardening of cement pastes depend on the ionization 
of cement compounds and solidification of hydration products, it is reasonable to assume that 
adding certain soluble admixtures that can influence ionization of cement compounds and 
solidification of hydration products in the concrete mix will consequently influence the 
setting and hardening properties of the FA concrete. This led to the investigation of a 
composite, which was produced by the interaction of FA with cyclodextrin. 
 
Cyclodextrins (CDs) are crystalline, cyclic oligosaccharides derived from the enzymatic 
modification of starch. β-cyclodextrin (β-CD) has a peculiar hollow truncated  cone  which is 
composed of seven α-(1,4)-linked glycosyl units forming a hydrophobic cavity and a 
hydrophilic wall [108] as shown in Figure 2.5. Few investigations, which have been done on 
β-CD in the concrete environment, have looked into its usage as a superplasticiser. In 2012, 
Lv et al [108], synthesized a new superplasticizer (PCM-β-CD) through ring-opening 
polymerization of epoxy chloropropane and CM-β-CD using sodium hydroxide as the 
initiator. It was also reported [108] that the retardation caused  using PCM-β-CD is likely due 
to the steric hindrance caused by the cone structure of β-CD and the hydrophilic functional 
groups, such as the hydroxyl and carboxyl groups, that act as “cement-anchoring” groups. 
Limited information is available on the compatibility of β-CD with FA and cementitious 
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material for use in concrete technology. Therefore, the primary focus of this work was to 
investigate the compatibility of FA-β-CD interaction to form a composite that can improve 
the use of FA in concrete technology.  
 
Fly ash–β cyclodextrin (FA-β-CD) interaction has been shown, in previous articles by the 
authors [4, 5], to have formed a composite that will be useful in concrete technology 
Indicative tests that were further done [6, 7] on the effect of FA-β-CD on concrete; show that 
optimum percentages of β-CD and FA-β-CD composites might have positive effect on 
concrete workability, strength and durability. The results of the indicative tests serve as a 
basis to assess the effect of fly ash, β-cyclodextrin and fly ash-β-cyclodextrin composites on 
concrete workability and strength, which are presented in this article. 
 
 
Figure 2.1: Hollow structure of β-cyclodextrin [108] 
 
2.0 MATERIALS AND MIXES 
Fly ash (FA) and Portland cement (CEM I 52.5 N) were considered as the binding materials 
in this study. β-cyclodextrin (β-CD) from Wacker Chemie (Munich, Germany) was obtained 
from Industrial Urethanes (Pty) Ltd, South Africa. The cement type (CEM I 52.5 N) was 
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obtained from Pretoria Portland Cement Company (PPC), South Africa. The composition of 
the FA and the cement used is presented in Table 1 and the β-cyclodextrin composition, as 
supplied by the producer is presented in Table 2. Granite crusher sand and coarse aggregate, 
with a nominal size of 22 mm, were used. These aggregates were obtained from Afrisam, 
South Africa. The FA used is classified as “Class F” since it had a sum of SiO2, Al2O3, and 
Fe2O3 contents greater than 70% by mass as speculated in ASTM C 618: 2012 [8].  
 
                Table 1: Chemical composition of the fly ash and cement used 
 
 
 
 
 
 
 
 
 
 
                                
                                Table 2: Characterisation of the β-cyclodextrin used 
Property β -CD 
Empirical formula C42H70O35 
Bulk density 400-700 kg/m3 
Solubility in water at 25 oC 18.5 g/l 
Content (on dry basis) Min. 95 % 
 
 
A physical mixture of a pre-weighed amount of β-CD and FA was used for the composite 
preparation. Proportions of 30% FA and 50% FA (by mass of cement) were incorporated in 
the mix as a substitute to cement. β-CD proportions of 0.025%, 0.05% and 0.1% β-CD (by 
mass of cement) were used. Two different water/binder ratio (W/Bs) of 0.5 (approximately) 
and 0.4 were used for the mixtures. A total of twelve mixtures were produced for each W/B, 
resulting in twenty four mixtures in total. The concrete was mixed according to SANS 5861-
1:2006 [9]. Immediately after each mixture was produced, the slump test was performed 
Content in oxide 
form. 
 % mass 
FA 
% mass 
Cement 
SiO2 
Al2O3 
Fe2O3 
MgO 
CaO 
Na2O 
K2O 
TiO2 
SO3 
LOI 
SiO2/Al2O3 
50.26 
31.59 
3.08 
2.04 
6.78 
0.56 
0.81 
1.64 
0.55 
1.42 
1.59 
18.8 
3.77 
3.83 
1.68 
66.70 
0.09 
0.26 
0.45 
4.53 
- 
- 
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according to SANS 5862-1:2006 [10] and 100 mm cubes and cylinders (with a diameter and 
length of 150 mm and 300 mm, respectively) were cast and compacted (using a vibrating 
table). A quantity of 0.08 m3 of concrete was batched for each of the twenty four mixtures 
produced, according to the mixture proportions presented in Tables 3 and 4 for 0.5-W/B and 
0.4-W/B, respectively.  
 
 
Table 3: Mixture proportions for 1 m3 of concrete samples for 0.5-W/B 
 
 
Samples Cement Crusher 
sand 
(kg) 
Coarse 
aggregate 
(kg) 
FA 
(kg) 
β-CD 
(kg) 
Water 
(kg) 
W/B Slump 
(mm) 
C 520.00 650 1000 0.00 0.00 208 0.4 30 
C30FA 364.00 650 1000 156.00 0.00 208 0.4 40 
C50FA 260.00 650 1000 260.00 0.00 208 0.4 55 
C0.025CD 519.87 650 1000 0.00 0.13 208 0.4 40 
C0.05CD 519.74 650 1000 0.00 0.26 208 0.4 55 
C0.1CD 519.48 650 1000 0.00 0.52 208 0.4 135 
C30FA0.025CD 364.00 650 1000 155.87 0.13 208 0.4 55 
C30FA0.05CD 364.00 650 1000 155.74 0.26 208 0.4 70 
C30FA0.1CD 364.00 650 1000 155.48 0.52 208 0.4 180 
C50FA0.025CD 260.00 650 1000 259.87 0.13 208 0.4 80 
C50FA0.05CD 260.00 650 1000 259.74 0.26 208 0.4 115 
C50FA0.1CD 260.00 650 1000 259.48 0.52 208 0.4 200 
Samples Cement Crusher 
sand 
(kg) 
Coarse 
aggregate
(kg) 
FA 
(kg) 
β-CD 
(kg) 
Water 
(kg) 
W/B Slump 
(mm) 
C 450.00 720 1076 0.00 0.00 225 0.5 35 
C30FA 315.00 720 1076 135 0.00 225 0.5 45 
C50FA 225.00 720 1076 225 0.00 225 0.5 65 
C0.025CD 449.89 720 1076 0.00 0.1125 225 0.5 95 
C0.05CD 449.78 720 1076 0.00 0.225 225 0.5 110 
C0.1CD 449.55 720 1076 0.00 0.450 225 0.5 180 
C30FA0.025CD 315.00 720 1076 134.89 0.1125 225 0.5 100 
C30FA0.05CD 315.00 720 1076 134.78 0.225 225 0.5 160 
C30FA0.1CD 315.00 720 1076 134.55 0.450 211.5 0.47 145 
C50FA0.025CD 225.00 720 1076 224.89 0.1125 211.5 0.47 100 
C50FA0.05CD 225.00 720 1076 224.78 0.225 202.5 0.45 105 
C50FA0.1CD 225.00 720 1076 224.55 0.450 202.5 0.45 160 
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Table 4: Mixture proportions for 1 m3 of concrete samples for 0.4-W/B 
 
 
 
A total of 360 cubes and 288 cylinders were produced for the strength tests. The compressive 
strength tests were performed according to SANS 5863: 2006 [11] at 7, 14, 28, 90 and 180 
curing days. Samples with β-CD were kept covered with polythene sheets for two days before 
demoulding, following SANS 5861-3: 2006 [12], where it was documented that, if a material 
is of a retarding nature such that the pre-demoulding time lapse of  20 to 24 hours is not 
suitable, the time may be extended for a suitable period. The description of the samples is 
detailed in Table 5. 
 
 
 
 
 
 
 
 
 
 
Table 5: Description of samples used 
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3.0 EXPERIMENTAL PROCEDURE 
3.1 Workability test 
Workability was measured by slump test according to SANS 5862-1:2006 [13].  
 
3.2 Compressive strength test 
The compressive strength test was performed according to SANS 5863: 2006 [14] at 7, 14, 
28, 90 and 180 curing days. Three samples were tested for each mixture at each age.  The 
average of the three results, calculated in N/mm2 from Equation (1), was recorded as the 
strength at the relevant age. An Amsler compression testing machine, with a load capacity of 
2000 kN was used. A uniaxial load was applied to the centrally placed sample, perpendicular 
to the direction of casting. The load was applied at a rate of 150 kN/minute.   
Rc =  
A
Fc                                                                                                          (1) 
where: 
   Rc is the compressive strength in Newtons per square millimeter (N/mm2); 
   Fc is the maximum load at fracture, in Newtons (N); 
SAMPLE COMPOSITION DESCRIPTION 
a Control (C) Reference sample with cement 
b C30FA Sample with cement and 30% fly ash  
c C50FA Sample with cement and 50% fly ash  
d C0.025CD Sample with cement and 0.025%  β-cyclodextrin  
e C0.05CD Sample with cement and 0.05%  β-cyclodextrin  
f C0.1CD Sample with cement and 0.1%  β-cyclodextrin  
g C30FA0.025CD Sample with cement and 30% fly ash-0.025%  β-
cyclodextrin  
h C30FA0.05CD Sample with cement and 30% fly ash-0.05% β-cyclodextrin 
i C30FA0.1CD Sample with cement and 30% fly ash-0.1%  β-cyclodextrin  
j C50FA0.025CD Sample with cement and 50% fly ash-0.025%  β-
cyclodextrin  
k C50FA0.05CD Sample with cement and 50% fly ash-0.05%  β-
cyclodextrin  
l C50FA0.1CD Sample with cement and 50% fly ash-0.1%  β-cyclodextrin  
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   A is the area of the load-bearing plates, in square millimeter (mm2). 
 
3.3 Split tensile strength test 
The split tensile test was performed on the cylinders, according to SANS 6253: 2006 [15] on 
each sample at 14, 28, 90 and 180 days curing ages. Three samples were tested for each 
mixture at each curing age. The average of the triplicate results, calculated from Equation (2), 
was recorded as the strength at the relevant age.  
 
dl
PF 
2                                                                                                       (2) 
 
where: 
F is the tensile strength in Newtons per square millimeter (N/mm2) 
P is the maximum load at fracture, in Newtons (N) 
d is the diameter of the cylinder (mm) 
l is the height of the cylinder (mm) 
 
The percentage decrease or increase in compressive strength or split tensile strength was 
calculated using Equations (3). A positive value indicates an increase in the compressive 
strength or split tensile strength, while a negative value indicates a decrease in the 
compressive strength or split tensile strength.  
100).(/% x
pozzolanicFA
pozzolanicFAcompositeCDFApozzolanicFArefdecreaseincrease           (3)                              
 
4.0 RESULTS AND DISCUSSION 
The workability and the strength results are discussed under the sub-headings below. The 
strength results are further drawn into comparative graphs for easy interpretation. The 
comparative graphs revealed the percentage increase/decrease of concrete strengths of 
samples with FA-β-CD composites compared with samples with FA. 
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4.1 Workability 
The slump test results for the 0.5-W/B and 0.4-W/B samples are presented in Tables 3 and 4, 
respectively. It was difficult to maintain a 0.5-W/B for FA-β-CD composites samples because 
non-cohesive mixtures were observed at 0.5-W/B. The results (for both 0.4 and 0.5-W/B) 
showed an increase in slump with an increase in FA and β-CD contents. The results were 
compared with the viscosity results reported previously [16], where it was observed that 
increased content of FA and β-CD resulted in lower viscosity. The trend showed that the 
lower the viscosity, the higher the flowability and the higher the slump. This is in agreement 
with the observation of Lachemi et al [17] who studied the rheological properties of cement 
paste using new viscosity modifying admixtures and found that an increase in the viscosity of 
the paste reduces the flow ability. 
 
4.2 Compressive strength results for 0.5-W/B samples 
Figure 2 presents the compressive strength results of the samples with 0.5-W/B.  A 
progressive increase in compressive strength was observed for all the samples as curing age 
increased. This is an evidence of improved hydration reaction as curing age increased, 
resulting in an increase in strength. When compared with the control sample, the 
incorporation of β-CD resulted in an increase in compressive strength, with an increase in β-
CD, for contents up to 0.05%.  The samples containing 0.1% β-CD yielded slightly lower 
strengths than those containing 0.05% β-CD. Furthermore, in the case of the samples 
containing FA, the samples with 50% FA exhibited lower compressive strengths, at all curing 
ages, compared to those containing 30% FA. 
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A decrease in compressive strength was observed for samples with C30FA (up to 47% 
decrease at 7 days curing) and C50FA (up to 63% decrease at 7 days curing), compared to the 
control sample. As curing increased, the compressive strength of samples with FA got closer 
to the control sample value, showing the effect of slower pozzolanic reaction at early 
hydration periods. The β-CD samples revealed an increase in early compressive strength 
compared to the control sample for the C0.025CD (up to 6 % increase at 7 days curing) and 
C0.05CD (up to 10 % increase at 7 days curing) samples. The C0.05CD sample showed an 
increased compressive strength compared to the control sample at all curing ages. Less than 
3.5% decrease in compressive strength at 28 days curing period was observed for the C0.1CD 
sample, compared to the control sample. 
The observed results correspond to the X-ray diffraction (XRD) results reported previously 
[16], which showed that at 7 and 28 days hydration periods, evidence of SiO2 was observed 
for C30FA and C50FA samples showing delay pozzolanic reaction, resulting in a reduced 
compressive strength compared to the control sample as seen in Figure 2. The C0.025CD and 
C0.05CD samples showed early formation of amorphous C-S-H at the 7 and 28 days 
hydration periods, resulting in a higher compressive strength than the control samples at these 
Figure 2: Compressive strength of concrete samples with 0.5-W/B 
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early hydration periods. The early formation of C-S-H and Portlandite (CH) at 7 days 
hydration period for β-CD samples shown in the previously reported [16] Fourier transform 
infrared spectroscopy (FT-IR) results also confirmed this observation. The higher the FA and 
β-CD contents, the lower the viscosity, the longer the setting times [16] and the lower the 
compressive strength (Figure 2) observed compared to the control sample. For composites 
samples, at 180 days curing period, an increase in compressive strength was observed for the 
C30FA0.05CD (2 % increase) and C30FA0.1CD (1 % increase)   samples compared to the 
control sample. These results prove the positive effect of these composite samples on 
concrete compressive strength compared to the C30FA sample. This can be attributed to the 
improved hydration reaction at early curing age and improved pozzolanic reaction from 28 
days hydration periods caused by β-CD as revealed in the XRD and FT-IR results as 
previously reported [16]. 
 
The effects of the FA-β-CD composite samples on the pozzolanic behaviour of their original 
C30FA and C50FA samples, as reflected in their compressive strengths, are presented in 
Figures 3 and 4, respectively. For all FA-β-CD composite samples, the compressive strengths 
were increased compared to their original C30FA and C50FA samples, at all curing ages. The 
trend showed the effect of β-CD on early increase in hydration reaction from 7 days, 
revealing a greater compressive strength from 7 days for all composite samples than the 
corresponding C30FA and C50FA samples. These observations can also be attributed to the 
early dissolution of C3S and C2S by β-CD, which aided the formation of CH and amorphous 
C-S-H in the previous reported XRD results [16] and the sharpness of Si-O asymmetric 
stretching vibration band (ν3) compared to C30FA and C50FA samples in the previous 
reported FT-IR results [16]. The early dissolution of C3S and C2S will lead to the release of 
more active silica that probably will get used in the reaction. This is in agreement with 
Papadakis [18], who observed, during the study of the effect of FA on Portland cement 
systems, that the final concrete strength is proportional to the content of the active silica in 
the concrete volume. A greater effect of β-CD on pozzolanic reaction was observed for 
samples containing 50% FA (Figure 4) than for the samples with 30% FA (Figure 3). It was 
found that the inclusion of 0.05% β-CD was more effective in increasing the compressive 
strength (of the original C30FA and C50FA samples), in comparison with the samples 
containing 0.025% and 0.1% β-CD, from the 28 days hydration period. 
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Figure 3: Percentage increase in the compressive strength of FA-β-CD-composite 
samples compared to C30FA pozzolanic sample for 0.5-W/B 
Figure 4: Percentage increase in the compressive strength of FA-β-CD-composite samples 
compared to C50FA pozzolanic sample for 0.5-W/B 
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4.3 Compressive strength results for 0.4-W/B samples 
General observations reported by other researchers [19-23] on the effect of W/B on 
compressive strength showed that the lower the W/B, the higher the compressive strength. 
This observation was revealed in the results of the compressive strength for the 0.4-W/B 
samples presented in Figure 5. With 0.4-W/B, an increase in compressive strength was 
observed for all samples when compared with the compressive strength results of 0.5-W/B 
samples (Figure 2). As observed for the 0.5-W/B samples, compressive strength increased 
with an increase in curing age. The samples with 50% FA exhibited lower compressive 
strengths than other samples. 
 
 
  
 
The results showed that the FA and β-CD influenced the compressive strength of the control 
sample more favourably than in the case of the 0.5-W/B (Figure 2). The C30FA sample 
showed increased compressive strength (3 % increase) compared to the control sample at the 
180 days curing period. A reduced compressive strength was observed for C50FA samples 
(up to 57 % decrease at 7 days curing) at all curing ages compared to the control sample. The 
β-CD samples showed an increase in concrete compressive strength  at all ages of curing (up 
to 4 % increase for C0.025CD at 28 days curing, up to 7 % increase for C0.05CD at 28 days 
Figure 5: Compressive strength of concrete samples with 0.4-W/B 
15 
 
curing and up to 6 % increase for C0.1CD at 28 days curing), compared to the control 
sample. A higher increase in compressive strength was observed with the C0.05CD sample 
than for the C0.025CD and C0.1CD samples. For composites samples, an increase in 
compressive strength was observed for the C30FA0.025CD (5 % increase), C30FA0.05CD (7 
% increase) and C30FA0.1CD (6 % increase)   samples compared to the control sample. 
It is obvious from Figures 6 and 7 that β-CD improved hydration/pozzolanic reactions from 
the 7 days hydration period. An increase in compressive strength was observed for all 
composite samples compared to their original C30FA and C50FA samples. The increase in 
compressive strength observed reached its peak at 28 days curing age for all the samples. The 
trend observed with 0.5-W/B samples was also observed. Samples containing 50% FA 
(Figure 7) exhibited a greater influence of β-CD in improving compressive strength compared 
to the samples with 30% FA (Figure 6). Also, samples with 0.05% β-CD showed the best 
performance in increasing compressive strengths of the C30FA and C50FA samples from the 
28 days hydration period, in comparison with the samples with 0.025% and 0.1% β-CD. 
 
 
 
 
Figure 6: Percentage increase in the compressive strength of FA-β-CD-composite 
samples compared to C30FA pozzolanic sample for 0.4-W/B 
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4.4 Split tensile strength results for 0.5-W/B samples 
Figure 8 shows the split tensile strength of all samples with 0.5-W/B. Concrete is known to 
be strong in compression and weak in tension, therefore generally, all samples decreased in 
split tensile strength in comparison to their compressive strength. A progressive increase in 
split tensile strength was observed as curing age increased, for all the samples. A higher rate 
of increase in split tensile strength with time was observed for samples with 50% FA than for 
the other samples. The samples with 0.1% β-CD generally exhibited an improved split tensile 
strength, at all curing ages, relative to the corresponding mixture samples containing lesser 
amounts of β-CD. 
 
Figure 7: Percentage increase in the compressive strength of FA-β-CD-composite 
samples compared to C50FA pozzolanic sample for 0.4-W/B 
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The results showed that FA-β-CD composites generally improve split tensile strength more 
than they improve compressive strength (Figure 2). The beneficial effect the FA-β-CD on the 
split tensile strength, compared to compressive strength, was revealed from the 90 days 
curing period in most composite samples, resulting in all the samples having a higher split 
tensile strength at the 180 days curing period compared to the control sample (up to 12 % 
increase for C30FA0.1CD), which was not the case for compressive strength (Figure 2). It 
also shows that 0.1% β-CD had a better effect on the split tensile strength than the inclusion 
of smaller quantities of β-CD. 
 
Figures 9 and 10 showed the effect of FA-β-CD composites on the pozzolanic split tensile 
strength of their original C30FA and C50FA samples, respectively. A higher increase in split 
tensile strength was observed for C30FA0.1CD samples at all curing ages compared to their 
original C30FA sample. While for C30FA0.025CD and C30FA0.05CD samples, an increase 
in split tensile strength was observed from the 90 days curing period compared to their 
original C30FA sample (Figure 9). These observations also confirmed that the higher 
contents of β-CD improved split tensile strength. Figure 9 showed a higher increase in split 
Figure 8: Split tensile strength of concrete samples with 0.5-W/B 
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tensile strength for all FA-β-CD composites compared to their original C50FA samples, than 
in the case of the C30FA samples.  An increase in split tensile strength was observed for all 
FA-β-CD composites samples compared to the C50FA samples, at all curing ages. The 
highest increase in split tensile strength was exhibited in C50FA0.1CD. The general trend 
observed confirmed the compressive strength results that a greater effect of β-CD on 
pozzolanic reaction was observed for samples containing 50% FA (Figure 4) than for samples 
with 30% FA (Figure 3). 
 
 
  
 
Figure 9:  Percentage increase/decrease in the split tensile strength of FA-β-CD-
composite samples compared to C30FA pozzolanic sample for 0.5-W/B 
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4.5 Split tensile strength results for 0.4-W/B samples 
The split tensile strength results of 0.4-W/B samples are presented in Figure 11. As observed 
for 0.5-W/B samples, Figure 11 shows that the 0.4-W/B samples have a reduced split tensile 
strengths compared to their compressive strengths (Figure 5). However, the split tensile 
strengths of all the 0.4-W/B samples were slightly higher than the split tensile strength of all 
the 0.5-W/B samples at all curing ages. Comparing with the compressive strength results 
(Figures 2 and 5), it can be deduced that the lower the W/B, the higher the compressive and 
split tensile strengths of the samples. As curing ages increased, an increase in split tensile 
strengths was observed for all the samples. 
Figure 10:  Percentage increase in the split tensile strength of FA-β-CD-composite 
samples compared to C50FA pozzolanic sample for 0.5-W/B 
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The effect of FA and β-CD in improving split tensile strength on samples with a 0.4-W/B 
showed a different trend from samples with 0.5-W/B. It was observed that the FA had a 
greater effect in improving split tensile strength of the 0.4-W/B samples than it had on their 
compressive strengths (Figure 5) from the 14 days curing age onwards, when compared with 
the control sample. However, the β-CD showed less improvement of the split tensile 
strengths (than on compressive strengths) up till 28 days and showed a higher improvement 
on the split tensile strength of the C0.05CD and C0.1CD samples, (in comparison to their 
compressive strengths) from the 90 days curing age, when compared with the control 
samples.  
 
All the FA-β-CD composites samples with a 0.4-W/B showed a better influence on split 
tensile strength than on compressive strength (Figure 5), at all curing ages. A similar trend 
was observed for the FA-β-CD composites samples with a 0.5-W/B (Figure 8). It was also 
revealed that all the FA-β-CD composites samples improved split tensile strength at all curing 
ages compared to the C30FA and C50FA samples (Figure 11) when compared with the 0.4-
W/B control samples. As shown in (Figures 8 and 11) for the 0.5-W/B and 0.4-W/B samples, 
respectively, composites with 30% FA exhibited greater positive influence on split tensile 
Figure 11: Split tensile strength of concrete samples with 0.4-W/B 
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strength than composites with 50% FA for all curing ages, when compared with the control 
sample. For the 0.4-W/B samples, the C30FA0.05CD and C30FA0.1CD samples showed 
higher split tensile strength than the control sample from 90 days curing age (up to 7% 
increase for C30FA0.05CD at 180 days curing and up to 11 % increase for C30FA0.1CD at 
180 days curing), while all composites with 50% FA, showed higher split tensile strength 
than the control sample at 180 days curing age (up to 12 % increase for C50FA0.1CD).  
 
The FA-β-CD composites showed an increase in split tensile strength (Figures 12 and 13) of 
the C30FA and C50FA samples, at all curing ages, with an increase in β-CD. The composite 
samples with 0.4-W/B generally exhibited a better improvement in split tensile strength of 
their respective C30FA and C50FA samples than the samples with 0.5-W/B (Figures 9 and 
10). The improvement trend shown in Figures 12 and 13 reveal that the higher the content of 
β-CD, the better the influence it has in improving the pozzolanic split tensile strength of 
C30FA and C50FA. Samples with 0.1% β-CD had a greater improved split tensile strength 
than samples with 0.025% and 0.05% β-CD when compared to both original C30FA and 
C50FA samples (Figure 12 and 13). A similar trend was also observed for the composite 
samples with 0.5-W/B (Figures 9 and 10). The composite samples with 0.05% β-CD of both 
0.4-W/B and 0.5-W/B showed a better improvement in the pozzolanic compressive strength 
generally from 28 days curing age onwards than composite samples with 0.025% and 0.1% β-
CD (Figures 2 and 5). A greater influence of the composite samples on split tensile strength 
was observed with samples with 50% FA (Figure 13) than samples with 30% FA (Figure 12). 
This confirms the previous observations for 0.5-W/B and 0.4-W/B samples compressive 
strengths (Figures 3, 4, 6 and 7) and 0.5-W/B samples split tensile strengths (Figure 9 and 10) 
that β-CD has greater effect on pozzolanic reaction for samples containing 50% FA than 
samples with 30% FA. 
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Figure 12:  Percentage increase in the split tensile strength of FA-β-CD composite
samples compared to C30FA pozzolanic sample for 0.4-W/B 
Figure 13: Percentage increase in the split tensile strength of FA-β-CD composite samples
compared to C50FA pozzolanic sample for 0.4-W/B 
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5.0 CONCLUSIONS 
The effect of FA, β-CD and FA- β-CD composites on concrete workability and strength was 
studied in this article. The results showed that the higher the contents of FA and β-CD, as 
used in this study, the greater the workability of the concrete for both 0.5-W/B and 0.4-W/B 
mixtures. A progressive increase in both compressive strength and split tensile strength was 
observed for all the samples as curing ages increased. The 0.4-W/B samples had higher 
compressive and split tensile strengths compared to the samples with a 0.5-W/B, at all curing 
ages. The C30FA sample, showed a 3.31% increase in the case of the 0.4-W/B when 
compared with the compressive strength of the control sample at the 180 days curing age. 
However, C50FA sample with 0.4-W/B had a lower compressive strength at all curing ages 
with 19.84% decrease at 180 days curing age than the control sample. The β-CD increased 
both compressive and split tensile strengths of the control, C30FA and C50FA samples for 
both 0.5-W/B and 0.4-W/B. The presence of β-CD substantially increased the compressive 
strength for samples with 0.05% β-CD and, split tensile strength for samples with 0.1% β-
CD. FA- β-CD composite can therefore, be used in concrete containing FA if early strength is 
required.  
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